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1. SUMMARY

Analytical and experimental procedures have been used to predict the
noise transmission through double wall windows into the cabin of a twin-engine
G/A aircraft. The theoretical model is that of modal analysis. The experi-
mental no{se transmission estimates were obtained utilizing a localized source
input. The noise transmission was optimized through a parametric variation of
the structural and acoustic properties.

The noise input pressure due to propeller blade passage harmonics was ex-
pressed in the form of a propagating random pressure field. These inputs were
selected utilizing experimental flight data and empirical predictions. The
acoustic space of the cabin interior was approximated by a rectangular enclo-
sure. The double wall windows are modeled as two plexiglass panels which are
coupled through the air space that separates them. The modes and frequencies
of the windows are calculated from closed form solutions.

The add-on treatments or design changes considered in this study include
that of mass addition, increase in plexiglass thickness, decrease in window
size, increase in window cavity depth, depressurization of the space between
the two window plates, replacement of the air cavity with a transparent vis-
coelastic material, change in the stiffness of the plexiglass material, and
different absorptive materials for the interior walls of the aircraft. To
reduce the noise transmitted through the double wall windows to acceptable
levels, changes in the design of the aircraft window need to be incorporated.

The weight added to the aircraft by a new window design is about 25 1bs.




2. INTRODUCTION

The main emphasis of the present study is on developing an analytical
model capable of predicting the noise transmitted through double wall win-
dows. The theoretical model is then used to supplement the study presented
in Ref. 1 and to optimize the noise transmitted in a typical twin-engine G/A
aircraft. To verify these analytical predictions, experiments were performed
in the laboratory for a similar window construction utilizing an acoustic
guide set-up to generate the localized source inputs. Then, a siguificant
amount of effort was devoted to deriving practical recommendations for the
detailed and systematic evaluation of the various parameters of the add-on
treatments and/or design changes needed to reduce the noise transmitted
through aircraft windows to acceptable levels.

The information available in the literature and from ongoing research
on the response and noise transmission of double wall aircraft windows is
very limited. The propeller-driven G/A aircraft, in which the maximum noise
intensity occurs at low frequencies, deserve special attention. The govern-
ing differential equations for the vibration of a double wall construction
are developed for the case in which the core behavior (air space) can be de-
scribed by a simple uniaxial constitutive law. In this particular case, the
bending and shearing stresses in the core are neglected. Furthermore, the
cavity between the two plexiglass plates is assumed to be uniform. To ac-
count for the curvature effects of the outside window, corrections are intro-
duced when modeling the stiffness of the curve. window plate. A modal anal-
ysis 1s utilized to decompose the vibrations of the face plates, and the
coupled system is solved by a Galerkin-1ike procedure [1,2].

The noise transmitted through a double wall window construction into the
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aircraft shown in Fig. 1 s obtained hy solving a linearized wave equation
for the interior sound pressure field. The geometry of the aircraft cabin
shown in Fig. 1 suggests that the interior acoustic space may be treated as

a rectangular enclosure. Such an idealization of the cabin allows for simple
representation of the acoustic modes. The effect of wall abs.rption is ac-
counted for by utilizing point impedance and bulk reacting models [3]. The
time dependent boundary conditions are transformed into the governing equa-
tion and then the solutior of the resulting nonhomogeneous differential equa-
tion with homogeneous Scundary conditions is obtained [4].

The exterior surface pressures acting on the aircraft windows are rep-
resented by a random convecting pressure field. The noise spectral levels
are obtained from experimental flight data. The convection trace velocities
are estimated in approximation from the ground and taxi tests given in [5,6].
The noise inputs for the laboratory experiments are generated by an acoustic

guide set-up wherein a speaker and a noise path isolation device are used.

-3- | <E§F> :

sy



3. ANALYTICAL MODEL

The basic concept of the analytical model used to calculate the noise
transmission through aircraft windows is that of modal analysis [1,2,7-10].
However, a new approach has been undertaken for solving the acoustic equa-
tion with time dependent boundary conditions., In this approach, the time
dependent and absorbing boundary conditions are transformed into the govern-
ing equation by utilizing Green's theorem. This solution is then coupled to

that of the vibration of the double wall system,

3.1 Acoustic Model

Consider that the interior space of the aircraft shown in Fig, 1 can be
approximated by a rectangular enclosure occupying a volume V = abd as shown
in Fig. 2. The noise enters the interior space through the vibration of the
double wall window located at x = a, + Lx. y= b° + Ly and z = 0. The in-
terior walls of the enclosure are taken to be absorbent for which the point
impedance and/or bulk reactance properties are prescribed [3,4]. The per-

turbation pressure p inside the enclosure satisfies the linear acoustic wave

equation
v2p - gp = p/c? (1)

where v2 is the Laplacian operator, v2 = 92/3x + 32/3y + 32/3z , and B and

¢ are the acoustic damping and speed of sound, respectively, The types of
boundary conditions to be satisfied by Eq. 1 depend on the interior surface
conditions of the walls., These could range from those of acoustically hard
walls to those of highly absorbent walls which are treated with acoustic in-
sulation materials., Consider a general model of the boundary conditions where

all the walls including the vibrating surfaces are absorbent. Then, the
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boundary conditions to he satisfied by Eq. 1 are [3,4]

- 3p/2z = = op + Blw)(a%/ax? + 22/0y2)p)/Z(w) ~ ohig (2)
at 2 = ()
and
ap/an = - o[p + B(u)Vgﬁl/Z(m) otherwise (3)

where Z(w), B(w) and vg are the point impedance, bulk reaction and Laplacian
at the surface of the enclosure, respectively. Equation 2 demonstrates that
the boundary condition for pressure pon 2z =0 {s nonhomogeneous due to the
acceleration input ﬁB of the bottom plate (Fig. 3). The solution to a Sys-
tem with nonhomogeneous time dependent boundary conditions can bé achieved
by first transforming the inhomogeneous term pWB from Eq. 2 into the govern-

ing equa‘ion (Eq. 1), Consider the expression
P(xsv 2,t) = q(x,y,2,t) + pilg(x,y,t) « G(2) (4)

where q are the .olutions to the associated homageneous problem and G(z) is
chosen to satisfy the given boundary conditions. Furthermore, by utilizing
Green's theorem, the effect of the absorption introduced through Z(w) and B(w)
can also be transferred into the governing equation [8],

Substituting Eq. 4 into Eqs. 1-3 yields
v2q - g4 - 4/c2 - of = 0 (5)
in the enclosure and
2a/3n = - o[q + B(w)v241/2(w) (6)

on all the boundaries where
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f(xayszot) = (~2%wg/ax? - 2Pwy/ay? + Wg/c? + pig) « B ~ Wgd?G/dz?
(7)

In obtaining the boundary conditions given by Eq. 6, 1t 1s assumed that at
x = 0,a and y = 0,b the motions of the flexible wall Wy do not extend ti
those boundaries, Thus, the flexible double wall plate can be located any-
where in the region Co & X & 8=¢os 0g 2 Y 4 bt  where to COuld be a small
positive number but €y # 0. A suitable form for the function G(z) is

G(z) = 2 - 222/d + 23/d2 (8)

rowever, any continuous function which satisfies Eq. 2 is a suitable func-
tion for G(2) [11].

From freen's theorem

Y
2 2 = ijk _ 3q
IV(qv Yijk - Y']jkv q)dV IS (q Y Y'ljk an)ds (9)

where Yijk are the acoustic modes of a rectangular enclosure with hard walls,
and V and s indicate the volume and surface integrals, respectively. Then,

utilizing Eqs. 5, 6 and 9 and
2Y,,, + zy s
13k ¥ (Wgg/e) Yyg = 0 (10)
in the enclosure and
aYijk/a" =0 (11)

at all the boundaries, it can be shown that

N
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Qg * 25550019k gk * 9F5Qigk * Pc?Fygp

2 3
+ z%wj Ef']A [q + B(W)V§QJY13de =0

where

Qijk(t) = IV injkdv
Fijk(t) = IV injde

Sigk = 8%/ (2044)

(12)

(13)

(14)

(15)

where 845k are the acoustic modal frequencies and the symbol A in Eq. 12 in-

dicates that an integration is taken over the absorbing interior surface [8].

Expanding the function q in terms of the orthogonal modes Yijk and using Eq.

13,
-8—§ E EQ Y.. /(e;e.e )
abd 420 k=0 ijk gk’ *titivk
where
2 i=0
ey =
1 i#0

Substitution of Eq. 16 into Eq. 12 results in

(16)

(17)

@
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Q"Jk + ?.C.ijkwijko.wk + w‘:lkaQ'le + (ZPCZ/Z) .

{(bo‘jk/a)rgo [1 + (-l)rH]erk/er

* loyg/®) T T+ (15900, e (18)

+ (bm/d)u:fo [+ (-1)"*%1, y ve,)

+ pC Eijk =0

where

bgic = 1 = B(o) (w5 /0)° (19)

and Fijk can be obtained from Eq. 14. Expanding the flexible wall motions of

the bottom plate in terms of the normal modes corresponding to simple support
boundary conditions

Mpixust) = 1T AL(E) Xy (xuy) (20)

B = mmx nm,
where Amn are the generalized coordinates and an sin t—-sin E-x- are the

X Y
panel modes, and using Eq. 14,

« o B
Fraelt) = mzl nZI L1 gmn{CiAnn(t) +

*DLUm/L) " + (nerL )y A (1) (21)

+ Bn(t)/c2 + 22 g0t i/ €21

8-

S
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@

Ce e I e e LI R T g S .');._.,m;.,._,M..A;_...;...‘:..A..:.:_:._;;‘:_"i:‘_ i
. D e A e S T T e e e el T
)




ORIGINAL PACE 15
OF POOR QUALITY

where
Lx Ly

Lijmn = IO IO Y1jo(x,y) an(x.y)dxdy (22)
601 - (-1)¥1/(kn)” kK#0

Ck s <
1 k=0
- \ (23)
¢2(C,, = 1)/(kn) k#0

D, =
d2/12 k=0

Equation 18 and subsequently Eqs. 4 and 16 can be solved in a time domain
utilizing a numerical integration procedure. However, the information usually
available on the point impedance Z and the bulk reaction coefficient B is giv~
en in a frequency domain. Thus, it is advantageous to develop the solution
for the acoustic pressure p within a frequency domain. Taking the Fourier

transformation of Eqs. 18 and 21,

Qygilufyy = o + 2lugggog) + (2062u/2) -
T r+
{(bodk/a)rzo [1+(-1) ]ﬁ;jk/er
* oy § 11+ (DS (28)
« +om
+ (bt]o/d)uZo 1+ ('l)u ]Qiju/eu}

s pc2w2-F.1jk
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pod 2 2
Figel = T T Lysmnfan (i * DLmm/LY" + (nm/L )

- (w/c)z + ziwcijk"’ijk/czj} (25)

and a bar indicates a transformed quantity. Then, from Eqs. 4 and 16; the so-

lution for the acoustic pressure in a frequency domain is

F(staz,‘“) 120 jZO Z Y‘ijk(x"y'z) Q”k(w)/(ei jek)

- w2pG(2) WB(xoy’w) (26)

The spectral density Sp(x.y,z,m) of the acoustic pressure can be obtained
by taking the mathematical expectation of Eq. 26 and then using the spectral
decomposition as presented in Ref. 12. Then, the sound pressure levels inside
the enciosure measured in decibels relative to a reference pressure Pg are de-

termined by

SPL(X4¥s2sw) = 10 Tog {S,(Xsys2s0)su/P} (27)

where Aw 1s a selected bandwidth at which the spectral density Sp is estimated |
and py = 2.9 x 10'9 psi (20uN/m2), A quantity relating the spectral density 3

of the enclosure pressure S_ to the cpectral density of the external pressure

p
Sg(w) is noise reduction NR, which is defined as

NR(X»¥»Z,u) = 10 log {sg(m)/sp(x.y.z.m)} (28)

S a —————

It 1s now convenient to define the noise reduction on a 1/3 octave scale.

-10-
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Thus

W
U E
fw Sp(w)dw
NR1/3(x,y,z,w) = 10 log m < (29)

u
f“z Sp(x.y.z,w)dw

where w, and w, are the lower and upper bounds, respectively, of each 1/3
octave band in question. The solution for the perturbation pressure given
in Eqs. 27-29 is in terms of the flexible wall motions Wh(x.y,w) of the double

wall system shown in Fig. 3. Thus, the response characteristics of the double

wall window system is determined next.

3.2 Response of Double Wall Windows

The double wall aircraft window shown in Fig. 3 is composed of curved
external and flat internal plexiglass sheets. The air space between the two
plates is approximated by a uniformly distributed air spring. A linear spring-
dashpot model is used to characterize the behavior of the air spring. Then,
a simple double wall structural model 1s constructed where both plexiglass
plates are taken to be flat and simply supported on all four edges. To ac-
count for the effect of the curvature of the outside panel, the stiffness of
the outside window is increased accordingly. The governing equations of mo-

tion of the two plates coupled through the linear spring can be written as

o0

My + Cry + Dyviwy + Kslur = wg]

+ (1/3) mghy + (1/6) mgig + pp(x,y,t) = 0 (30)

. - PP fm et & mn e .
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” 4 l+ -
mgig + cgWg + Dg¥wy + KS[WB wT]

+ (1/3) mgg + (1/6) mgWy = P(x,y¥,0,t) = 0 (31)
where

74 = ah/ax% + 20%/ax23y2 + at/ay (32)
my = oghy
mg = oghg (33)
mg = eghg
Dy = ETh-?./[lz(l - v%)] (34a)
Dg = EBhg/[m(l - vg)] (34b)

where Wy and Wg are the vertical (transverse) displacements of the midsurfaces
of the top (exterior) and bottom (interior) plates, respectively. pE(x.y,t)
and p(x,y,0,t) represent the external random pressure acting normal to the
exterior window plate and the acoustic back-up pressure acting on the interior
plate, respectively. The subscripts T, B and S denote the top plate, the bot-
tom plate and core, respectively. KS[---] is a constitutive law operator rep-
resenting the forces exerted on the elastic plates by the core. When the core
is very soft, Poisson's ratio of the material is nearly zero, and the bending
and shearing stresses are negligible; consequently, the material can be des-
cribed by a uniaxial stress-strain relation. In obtaining Eqs. 30 and 31 it
was assumed that the inertia force varies linearly across the thickness of

the soft core. Thus a consistent mass formulation is used with the terms

mS/3 and ms/s representing the apportioned contributions of the mass of the

core to the two plates.

«]2~
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Depending on the type of core material used to construct the double wall
system, there exist several 1inear models to characterize the soft core be-
havior. These models include:

1. Linear Elastic Spring Free of Damping
Kslwg] = kgwg = EgWs/hg (35)

where Wg is the relative displacement of the core and hS {s the core

thickness (wg = wp - wg).
2. Linear Elastic Spring with Structural Damping

KsIwg] = kg(1 + 1gg)wg = Eg(1 + igg)wg/hg (36)
where 9g is the structural damping factor and i = /-1.
3. Linear Elastic Spring with Viscous Damping

Ks[wg] = keWg + cgWg = Eghg/hg + ngW/hg (37)
where Ng is the viscosity of the soft core material.
4. Linear Viscoelastic Model

KS[NS] = Es(w)ws/hs = (Eé(w) +1 Eg(m);l-s/hs (38)

where Es(w) is a complex Young's modulus and a bar indicates a Fourier

transform, E§ and Eg are real functions.

Depending on the complexity of the core material (non-uniform cavity,
air leakage, materials other than air, etc.), the core behavior could be
modeled by one of the expressions given in Eqs. 35-38. The linear visco-

elastic model given in Eq. 38 is the most general expression that can be

®

oz
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used to represent soft core behavior.

The solutions to Eqs. 30 and 31 can be expanded in terms of simply sup-
ported plate modes

@® « T

wr(Xs¥,t) = mzl n§1 Ann(t) X (x,¥) (39)
T v aB

WB(X,.Y.t) = mzl nzl Amn(t) xmn(xo.Y) (40)

where A;n and A:n are génera]ized coordinates of the top and bottom plates,
respectively, and Xon = sin (mnx/Lx) sin (nwy/Ly). Substituting Eqs. 39 and
40 into Eqs. 30 and 31 and utilizing the orthogonality principle yields a set
of coupled differential equations in A;n and Agn. Taking the Fourier trans-

formation of these equations gives

Ron(0) = H1 (o) IPT (w) + B8 (u) (Eglu)/hg + u?bg)/m:] (41)
Ran(®) = Hop(w) [P8 (0) + AT (w)(Eg(w)/hg + u2bg)/me] (42)
Ha(0) = L(al)” = (ag/mr)u? + 2qual T+ E/(han)tl (43)
HB () = €0 )" = (ag/m)u? + 200 B+ Es(nam )yt (a4 '
mn mn 8™ 2mn%mn * s/ Mgy !

in which ap =My + mS/3. ag = mp + ms/3, bS = mS/G. I;n and K:n are the trans- ‘ ?
formed modal amplitudes of A;n and Aﬁn, an and an are the generalized random
forces

L, L
-1,y X
F;n(“) = ll [ ] pE(xs.Y:w) an(x.y)dxdy (45)
an 0 0
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L, L

Yy X _
J'o PXs¥s0s0) X (Xo¥)dxdy (46)

Pnt) = g&' I0

mn

where M;n and Mgn are the generalized masses of the top and bottom plates,

respectively
Ly l.x
MI,,, = my fo [o X2 (x,y)dxdy (47)
g L.y L,
Mon = Mg fo fo X;n(x.y)dxdy (48)

In obtaining these equations a linear viscoelastic model from Eq. 37 was se-
Tected to represent the behavior of the core material. The quantities C;n
and ;gn are the modal damping ratios of the top and bottom plates, respective-

1y. The uncoupled frequencies of the face plates can be obtained from

on = g/ (/L) + (/L)' (49)

B = (Dg/mg) L(mm/L )" + (/L)) (50)

The acoustic cavity back-up pressure p(x,y,0,w) is a function of the bot-
tom plate motion. To determine completely the plate motion, the governing
equations of the acoustic field inside the enclosure need to be solved as a
coupled system together with the face plate equations of the double wall sys-
tem. However, it has been shown in numerous references that, except when the
panel is very thin and the enclosure is shallow, the effect of the acoustic
back-up pressure on the response of the bottom panel is negligible. In the
present study, the back-up acoustic pressure is neglected by imposing P(XsYs
Oyu) = an(w) = 0., As a result, from Eqs. 41-44, the frequency response func-

tions of the double wall sandwich system are

«]15-
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:
H

T mn

O = (45)

™ 1 - (Eg/hg + wrbg) (HT /mo) (K /me)

can * Onn(Es/hs *+ a2bg) (HD /mg) (46)

Equations 40 and 42 are then substituted into Eqs. 25 and 26 from which the
solution for the perturbation pressure p and subsequently the spectral densi-

ty S, are determined.

p

3.3 Natural Frequencies of the Double Wall Aircraft Windows

The natural frequencies of the coupled system can be determined by set-
ting C;n = ;:n = Eg(w) = 0 and maximizing the frequency response functions
of Eqs. 45 and 46. For each set of modal indices (myn), the natural frequen-

cies of the coupled system can be calculated from

amn = {0 Byy = (B2, - 4AC_)¥1/28)% (47)
where
A= aay - b (48)
T2 B2 ‘
Bn = (Mripn + Es/hg)ag + (mgup, + Eg/hglar + 2bgEg/hg (49)
2 3 2
Can * (g + Eg/hs) (mguy, + Eg/h) = (Eg/ng) (50)

Equation 47 gives two real characteristic values for each set of modal indi-
~ces (myn). These roots are associated with the in-phase flexural and out-of-
phase dilatational vibration frequencies of the double wall system. The dila-
tational vibration frequencies are strongly dependent on the core stiffness
represented by Es(m)/hs. For large values of core stiffness these frequencies

could become very large, and the linear theory developed for a soft core with

- v g bar v wk oo s o limaer
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a uniaxial stress-strain relation would lose 1ts meaning.
To account for the curvature effect of the exterior panel, the uncoupled
modal frequencies given in Eq. 49 are mudified according to a procedure sug-
gested in Ref. 13, Then, the uncoupled modal frequencies of the exterior win-

dow are calculated from

2

T T |2 Ezm
(omn)curved = (émn)f1at *

prRE(m2 + (L, /L) n2)”

(51)

where R is the average radius of the curvature.

Pressurization of the cabin and/or depressurization of the air space
between the two window sheets increases the stiffness of the plexiglass plates.
Such an effect can be included through the average in the plane loads N; =
ApR/2 and N, = apR corresponding to the axial and circumferential directions,

Y
respectively. The natural frequencies are then calculated from

2 2 —
(“mn)flat = “{%ﬁﬁ'(mz/Li * "2/L§) + (Nme/Li
212 %
+ N n2/L2)/oph} (52)
It should be noted that the average value of the radius R is different for

the interior and exterior window sheets.

3.4 External Pressure Field

The external surface pressure acting on the exterior side of the aircraft
window is propeller noise due to blade passage harmonics and the turbulent
boundary layer. The cross-spectral density of the input pressure is assumed
to be separable in the direction of propagation and that perpendicular to it

and is given as
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Si(ﬁ.n.m) = 54(u) elwglvx eiwn/Vy (63)
where Sd(m) 1s the power spectral density for the j~th window unit, £ = Xo =
Xpp N ® ¥y =y, Bre the spatial separations, and Vx and Vy are the trace ve-
locities corresponding to the x- and y-directions, respectively. The expres-
sion given in Eq. 53 is 1imited to spatially non-decaying convecting sound
pressure fields. The sound pressure levels characterized by the spectral
density SJ(N) are taken to be uniformly distributed over each window surface,
but varying in a step-wise fashion from one window to another. These spectral
densities are obtained from the exterior surface pressure data measured in
flight [1]. In addition, the empirical prediction of surface noise due to
propeller blade passage harmonics are utilized to distribute the noise inten-
sities over the aircraft fuselage [6]. Subsonic trace velocities correspond-
ing to the propeller rotation tip speed were taken for the vertical direction
¥, and sonic trace velocities were assumed for the longitudinal direction x !
(normal to the propeller rotation plane). The values of Vy = 510 ft/sec and

Vx = 1100 ft/sec were used for all numerical computations.

3.5 Interior Wall Impedance
In calculating the noise transmitted into an aircraft cabin through

windows, it is necessary to prescribe the impadance and the bulk reactance ;

at the interior walls. Due to the fact that the interior walls of an air-
craft cabin are not treated uniformly (depthwise and spatially), the wall ?
impedance is represented in the average sense. Analytical [14] and empiri-
cal [15,16] expressions have been used to represent the impedance of walls 44 :
treated with porous acoustic materials. For a normal acoustic impedance of

porous materials backed by a rigid wall, Ref. 15 defines the fiberglass im- : !
pedance by
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(1~1=0)" hl (54)

The characteristic impedance from empirical data 1s usually expressed as a
fuiction of the dimensionless parametar pfw/Zwa [15],

wa '00754 pfw '00732 (55)
w) ® peC + . i
Z(w) = pgcel(1 + 0571 (g;ﬁ;) 1(.087 (g;;;) )}

Numerical results were obtained for B(w) = 0 and the case where the in-
terfor walls of the aircraft shown in Fig. 1 are treated uniformly. It was
found that for frequencies above 125 Hz, the noise transmitted through an
aircraft window is about the same for both wall impedance models given in
Eqs. 54 and 55. However, for frequencies below 125 Hz, significantly lower
noise levels were obtained when the wall impedance was represented by the
analytical expression (Eq. 54). Furthermore, it was founu that the trans-
mitted noise levels did not change by much when larger values of the treat-
ment thickness hf were used in Eq. 54, Due to the unavailability of detailed
experimental data on the wall impedance, it 1s not clear which expression
gives a better approximation to Z(w). However, the main contribution to
cabin noise in this aircraft occurs for frequencies above 125 Hz. Thus,
either Eq. 54 or Eq. 55 can be used to represent the absorption effects at
the walls for the G/A aircraft considered in this study.




4. NUMERICAL RESULTS

4.1 Modes and Frequencies

The natural frequencies of the double wall aircraft windows shown in
Figs. 3 and 4 were determined using Eqs. 47, 51 and 52, The modes of these
panelc are sine modes corresponding to simple support boundary conditions.
The natural frequencies for a typical aircraft window (Panel No, 3 in Fig,
4) are given in Table 1. These results were obtained using the following
data: L, =13.75 in, Ly = 13.13, vy = vg = 0.35, hy = hy = 0.25 in, hg =
0.63 in, or = pg = 1.06 x 1074 1b-sec?/in®, £, = 5.6 x 10° psi, Ey = 4.6 x
10 psi, o = 1.1 x 1077 1b-sec?/in?, ¢ = 13,224 1n/sec, R = 30 in, ap = 0.
The air spring in the cavity was modeled as Es/hs = pccz/hs. The coupling
between the top and bottom plates is mainly provided by the action of the
air spring. The inertia coupling as given in Eqs. 30 and 31 is negligible
when the medium of the cavity is air. The uncoupled natural frequencies
given in Table 1 were obtained utilizing Eqs. 49 and 51 for the curved top
plate and Eq. 50 for the flat bottom plate. To simulate, in approximation,
a clamped-clamped boundary condition, the stiffness of both plates was in-
creased by multiplying DT and DB by 2. The coupled modal frequencies de-

noted by fc and fD correspond to in-phase flexural and out-of-phase dilata-

tional modes, respectively. The first dilatational mode occurs at a frequen-

¢y of 309 Hz while the first bending mode is at 165 Hz. These modes span
the range of the second to fourth propeller blade passage harmonics. Simi-

lar results were obtained for all the other aircraft windows shown in Fig.
4,
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4.2 Noise Transmission Through Aircraft Windows
4.2.1 Theory and Experiment

To verify the theoretical predictions developed in Section 3, a series
of experiments was conducted with an acoustic guide set-up as shown in Fig.
5. The inputs were generated by the acoustic guide and the outputs were
measured at eleven positions inside the aircraft as shown in Fig. 5. The
test article for these experiments was the fuselage of a twin engine 1957
Rockwell AeroCommander aircraft. The test window measured 15 in x 15 in
and was constructed from a curved (R # 35 in) exterior and flat interior
plexiglass paiel, each with a thickness of 0.14 in. The aircraft interior
was subjected to three absorbent wall treatments under each of which the
noise transmitted through the window was measured. These treatments in-
cluded: (1) Y-370 constrained layer damping tape; (2) Y-370 damping tape
+ three layers of AA acoustic blankets + carpeting (floor); and (3) Y-370
damping tape + 1.5 ir thick foam with soft interior facing + carpeting (floor).

The one-third octave noise reductions are shown in Figs. 6 and 7 for the
case of a light wall treatment (Y-370 damping tape) at two positions in the
aircraft. The theoretical curves were obtained using Eq. 29 and the proced~
ures presented in Section 3. The interior wall absorption was modeled by
the empirical point impedance expression given in Eq. 55 with Pg = 1.1 x 10'7
1b-sec2/1n4, Cp = 13,224 in/sec and Rf = 10 x 104 mks rayal/m, The struc-

tural and acoustic modal damping coefficients were taken as

o = o (o 1 /gy (56a)
A A (56b)
(67)

Sk = Solunoo/@i sk
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where wygk are the modal frequencies of the rectangu]ar enclosure which can

be evaluated from
aygi ® clltn/a)’ + (gu/b)’ + (knra)*y® (8)

The modal damping coefficients of the aircraft windows measured in the labor-
atory environment [17] are on the order of 5% of the critical damping for the
fundamental mode. Thus, in the present study, the values of Cg = ;: = 0.05
were used for all the calculations. The acoustic damping coefficient & is

a function of the interior conditions of the cabin. For a 1ightly treated
cabin, a value of £ ° 0.05 was used. Damping of the acoustic cavity bounded
by the two window plates is introduced through the complex stiffness modulus
Es(l + 195). In view of the 1ight damping of a cavity filled with air, a
loss factor of g = 0.02 was used.

As can be observed from the results presented in Figs. 6 and 7, the
agreement between theory and experiment is relatively good in view of the
complexities involved. Furthermore, these results show that the noise
transmitted by a localized path such as a window rapidly attenuates as the
distance from the source (window) and the point where the output is measured
at increases. The amount of noise attenuation at different spatial locations
is also a function of the particular frequency.

4.2.2 g%pgrimentaI Study of Noise Transmission Through Aircraft
Windows

A series of experiments have been conducted to assess the significance
of noise transmission through double wall aircraft windows. The experimental
set-up is the same one as that described in Section 4,2.1. The interior
noise measurements were obtained at about 10 inches from the wall (except

for position No. 11) for all the positions shown in Fig, 5. The one-third
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octave noise reductions achieved by the three wall treatments described in
Section 4.2.1 are shown in Figs. 8 and 9 for two positions in the cabin,

The results shown in Fig. 8 correspond to the location of the window through
which the noise is being transmitted. At this particular position, the

noise reduction is the lowest. Furthermore, the acoustic foam seems to ex-
hibit better absorption characteristics than the two other treatments for

the frequency range of about 70-600 Hz. However, at locations away from the
noise transmitting window, no clear picture can be established of which treat-
ment gives the better noise attenuation. As can be observed from these re-

sults, the increase in noise reduction due to an add-on wall treatment is

not very great when the noise is transmitted through a localized and un-
treated (window) region in an aircraft. This is mainly due to the fact that
the add-on materials terminate at the elastic surface of which the aircraft
sidewalls are constructed. These elastic surfaces vibrate and radiate noise
energy not only into but also out of the cabin. However, if the walls of
the enclosure are acoustically hard (semi-rigid walls), the effect of add-on
treatments would be much more significant than the results indicated in Figs.
8 and 9. Such an effect is illustrated in Fig. 10 where the noise levels in

the cabin are predicted analytically for two acoustic damping and acoustic

absorption conditions. An acoustic damping coefficient ¢, = 0.005 and re- l
sistance of acoustic material Re = 50 x 104 mks rayals/m could simulate such ‘

an enclosure with acoustically hard walls. ' J

To i1lustrate the noise variation within the cabin, noise reduction is
plotted in Figs. 11-28 for several one-third octave center frequencies. The
position #9 indicated in these figures always corresponds to the port side
of the aircraft. As can be observed from these results, noise reduction in-

creases as the distance from the source (window) increases. Furthermore,
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noise attenuation is in general greater when acoustic blankets or acoustic
foams are added to the interior walls., However, for frequencies up to about
300 Hz, less noise reduction was observed at some locations for a cabin
treated with Y-370 damping tape + acoustic foams or acoustic blankets than
for a baseline condition with Y-370 damping tape only. This could be at-
tributed to the decrease in the interior volume of the cabin. The reduc-
tion is about 2 inches on all sides for acoustic blankets and 3 inches for
acoustic foams. The last layer of acoustic blankets covered the frames
while acoustic foams were added to the interior flanges of the frames. Fur-
thermore, noise reduction is somewhat greater at the rear of the cabin than
at the pilot or co-pilot positions. Since the windshield and forward area
of the cockpit were not treated, it is to be expected that noise levels will
be higher in that vicinity. For frequencies up to about 500 Hz, acoustic
foam seems to provide more noise attenuation than three layers of AA acous-
tic blankets. Above 500 Hz, more noise reduction is realized at most posi-
tions for the acoustic blankets treatment. In addition, for high frequen- ?
cies (above 800 Hz) the noise distribution within the cabin is more uniform ;
than it is at lower frequencies. For frequencies up to about 500 Hz, the in-

crease in noise reduction at the location of the source (10 inches from the

window) ranges from about -2 to 3 dB for the AA-porous blankets and 3 to 6
dB for acoustic foam treatments. For frequencies above 500 Hz, these ranges
are 3 to 9 dB8 and 0 to 8 dB, respectively. On the average, the source noise
is attenuated at the rate of about 2 dB/ft. However, at the wall opposite
the source, a lower rate of noise reduction was observed. This is due to

the reflection of the acoustic waves at the wall. Similar trends were ob-

At e o m i mom e amn mmie e e

served for all of the three add-on treatments considered in this study.
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4.2.3 Theoretical Parametric Study of Noise Transmission
TErougF Afrcraft Windows

The analytical model for calculating noise transmission (described in Sec-

tion 3) was applied to estimate the effect of acoustic and structural parame
eter variation on the cabin noise environment of a G/A aircraft whose typical
features are shown in Fig. 1. These calculations were performed for flight
conditions and measured the propeller noise and turbulent boundary layer in-
puts [1]. The interior sound pressure levels were estimated in the vicinity
of the propeller plane where the noise levels are expected to be the highest,
f.ec, at x = 78 in, y = 36 in and z = 8 in (see Figs. 1, 2 and 4). The noise
transmitted was calculated at each of the window units shown in Fig. 4. Then,
the total noise in the cabin due to all the windows was obtained by superpo-
sition of all the individual contributions.

The narrow band sound pressure levels due to the noise transmitted
through window unit No. 3 are given in Fig. 29, Distinct peaks at the pro-
peller blade passage harmonics are observed for frequencies up to about 800
Hz. The transmitted noise is clearly dominated by the first three blade pas-
sage harmonics. However, the A-weighted one-third octave noise levels shown
in Fig. 30 suggest that the main contribution to cabin noise on an A-weighted
scale comes from the second and third blade passage harmonics. The total
noise transmitted by all window units is also shown in Fig. 30. The interior
noise at this location is dominated by the noise transmitted by window unit
Nos. 2, 3 and 5. These results serve as the baseline configuration of noise
transmission through aircraft windows for the noise optimization study pre-
sented in Ref. 1. The results shown in Figs. 29 and 30 indicate relatively
high noise levels in the frequency range of about 100-300 Hz. The main peaks

are at the second and third blade passage harmonics. To improve the interior
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noise environment of this aircraft, additional noise attenuation would need

to be achieved by the windows. In view of these observations, an extensive

parametric noise transmission study has been conducted. For this purpose,

window unit No. 3, located in the vicinity of the propeller plane,
lected as the baseline configuration. Then,

is se=

the noise transmitted through
this window is calculated for a variety of add

sign configurations.

-on treatments and/or new de-

The effect of the addition of non-1oad carrying mass to the outside

(curved) and inside windows is given in Figs. 31 and 32. Adding mass to the

outside window has only a minor effect on noise reduction in the frequency

range 100-300 Hz. Furthermore, noise increases for frequencies above 400 Hz,

This is due to the fact that with added mass,
ticipating at high frequencies,

many more modes are now par-

Since the outside window merely provides the

vibration coupling with the inside window via the air gap, the application of

the mass law to the noise attenuation of double wall systems is not valid in

this case. Mass addition to the inside window increases the noise at the

first propeller blade Passage harmonic, but it decreases noise at most other

frequencies. Approximately 3 dBA and 5dBA additional noise reduction is
realized at the second and third blade passage harmonics,

respectively, with
2 1b/ft2 of mass added to the inside window,

The effect on the transmitted
noise due to an increase or decrease in the plexiglass thickness of the out-

side and inside sheets is 11lustrated in Figs. 33 and 34. As can be observed

increasing the thickness of the exterior sheet could be
very effective for noise transmission control.

from tests of double wall windows [18].

from these results,

Similar trends were observed

Doubling of the exterior window thick-
ness (from 0.25 in to 0.5 in) would decrease the interior noise at the second

and third blade Passage harmonics by about 12 dBA and 9 dBA, respectively.
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Doubling of the interior sheet thickness increases noise reduction at the
same frequencies by about 8 dBA and 3 dBA, respectively. A thinner window
construction (h = 0.125 in) would increase interior noise by about 3-6 dBA
at the first blade passage harmonic and by 1 dBA at the second and third
blade passage harmonics. However, a substantial increase in transmitted
noise would result for frequencies above 400 Hz,

The interior noise levels for different window sizes are plotted in Fig.
35. A small window size of 10 in x 10 in shows substantial gains over the
baseline window of 13.75 x 13.13 in at the first three blade passage harmon-
fcs. However, a smaller window transmits more noise for frequencies above
300 Hz. The effect on noise transmission due to different cavity depths
(distance between the outside and inside windows) is shown in Fig. 36. From
these results it can be seen that only when the cavity depth becomes unreal-
istically large does the noise attenuation at the second and third blade pas-
sage harmonics reach 3 dBA and 9 dBA, respectively. The effect on noise
transmission due to changes in the elastic modulus of the exterior and in-
terior windows is shown in Figs. 37 and 38. As can be seen from those re-
sults, an increase in the elastic modulus of the interior sheet has a negli-
gible effect at the second and third blade passage harmonics. A similar in-
crease in the elastic modulus of the exterior sheet results in about 2 dBA
noise attenuation at the same frequencies,

To account for the curvature effect of the exterior window, the modal
frequencies were scaled by multiplying the natural frequencies of the flat
panels by /1I.5. A1l the results shown in Figs. 29-38 were obtained using
this procedure. It is believed that such a frequency scaling approximates
the baseline configuration. However, the natural frequencies of curved pan-

els can be calculated from Eq. 51 where, to account for curvature, a modifica-
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tion factor has been introduced. It should be noted that this equation is
approximate and only allows for a correction to the flat panel equation.

The interior noise levels are plotted in Fig. 39 for several values of the
exterior window sheet radius R, With a decreasing value of the radius R,
the stiffness of the exterior panel increases, resulting in lower noise le-
vels for frequencies up to about 400 Hz. The radius of the curvature of the
baseline construction is about R = 30 in. Thus, for frequencies of up to
400 Hz, the baseline configuration and Eq. 39 give approximately the same
results. However, for frequencies above 400 Hz, the noise levels are sub-
stantially higher when Eq. 39 is used. This is due to the fact that modal
frequencies above 400 Hz are lower when using Eq. 39 as compared to those
using the baseline. Thus, several additional modes are now included in this
frequency range. For a baseline configuration, those modes were above the
frequency cut-off considered in this study (1124 Hz)., However, in all of
these cases the interior noise is still dominated by the second and third
blade passage harmonics. Only when the radius decreases to R = 15 in, does
the noise at higher frequencies (above 400 Hz) start to dominate. A window
with R = 15 in might be an unrealistic design.

The core material (air in the baseline design) provides coupling between
the motions of the outside and inside window sheets. To evaluate the effect
of a dense cére. it is assumed that the air space between the two sheets is
filled with a clear fluid which is allowed to expand and contract through the
spaces provided at the boundaries. The density of the fluid is taken to be
equivalent to the density of water (1.94 s1ugs/ft3). The spring constant of
the expanding/contracting fluid is represented by kS = Es/hS where ES =
Eo(l + ig) 1is the com;{éx stiffness modulus of the fluid under bulk compres-
sion, g is the loss factor and hs is the core thickness. If the cavity is
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filled with a fluid and the boundaries are sealed, Eo is very large and a
nearly incompressible condition 1s achieved. In this case, the soft core
model used in the present study becomes invalid. However, 1f a porous bound-
ary condition is constructed so that a portion of the fluid could Jeave the
main cavity under compression, relatively small values of the compressability
constant Eb might be achieved. The results shown in Fig. 40 reflect the ef-
fect of core stiffness. The results corresponding to Eo =3 x 103 psi would
imply an almost incompressible core and might not be valid for the present
soft core model., For the hard core representation, sheer deformations and
rotary inertia effects would need to be included. Those results tend to in-
dicate that a core filled with heavy fluid would not give the required noise
attenuation at high frequencies. However, those results are obtained for
relatively low damping values of the core material (g = 0.02). If the core
is replaced with some form of a transparent soft viscoelastic material, the
damping in the core would increase. The effect of damping in the core on
noise transmission is illustrated in Fig. 41 for the case where E° = 30 psi.
The results shown in Fig. 41 for large values of the loss factor g and heavy
core might be unrealistic since with such an amount of damping the motions

of the exterior sheet are not transferred through the core into the interior
window sheet. The vibrational energy of the outside window is dissipated by
the action of the core since the coupling through the boundaries is neglected.
From the results shown in Fig. 40 and 41, it can be seen that the noise trans-
mission characteristics of a double wall system with a heavy core are signif-
icantly different from the case where an air spring is used to medel the core
behavior. In addition to the stiffness coupling, a heavy core also induces
strong inertia coupling between the two plexiglass plates. Such a coupling

seems to be more pronounced at higher frequencies.
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The effect on noise reduction due to depressurization of the air space
between the two plexiglass sheets has been fnvestigated. A pressure differ=
ential between the core and the exterior space induces in-plane loads and
increases the stiffness of the plexiglass sheets. Thus, the modal frequen-
cies of the coupled double wall system increase with an increasing pressure
differential. However, the amount of pressure differential that can be ap-
plied is limited by the maximum panel deflection (static) and the air space
between the two panels. Thus, high pressure differentials would not be suit-
able for practical implementation of noise transmission control. The effect
of the pressure differential Ap was included in the analytical model (Eq. 52)
by introducing the average in-plane loads N; and N} corresponding to the ax-
1al and circumferential directions, respectively, and changing the constant
of air spring between the window panes. The parameter R denotes an average
value of the radius of the window pane curvature., It should be noted that
such an average value is different for the exterior and interior window
sheets. The results shown in Fig. 42 indicate the effect of depressurizing
the double wall window. The increase in noise reduction ranges from about
1to3 dBA‘for 4p = 2 psi and from 3 to 6 dBA for Ap = 4 psi. These results
were obtained using the analytical wall impedance model given in Eq. 54 and
the natural frequency equations (Eqs. 47, 51 and 52) with R = 30 in. Due to
large deflections of the window panes [18] for high pressure differentials
and relatively modest gains in noise attenuation, depressurizing the double

wall window does not seem to provide an alternative for noise transmission
control.




5. NOISE TRANSMISSION OPTIMIZATION FOR LEAST ADDED WEIGHT

The results presented in Section 4 indicate the advantages or disadvan-
tages of each particular wall treatment and the structural parameter changes
in the noise transmitted through double wall aircraft windows. The present
design of this type of aircraft 1n91udes twelve windows with a total surface
area of about fifteen square feet (15 ftz). 'The area of the windshield is
not included in this figure. Thus, an increase in the surface density of 1
1b/ft2 would add about 15 1bs to the weight of the aircraft. The optimiza-
tion criterion is taken to be such that the noise transmitted through a win-
dow located in the vicinity of the propeller plane should not exceed 80 dBA
at all frequencies. The noise transmitted through other window units will
be less since the inputs are lower for those windows. Then the total overall
noise transmitted by all window units will be on the order of about 83-85 dBA.

The results of the parametric study are summarized in Table 1, The
noise levels and incremental noise losses ATL at the three highest peaks are
given in Table 1, The added weight for a single window unit and for the en-
tire aircraft are included in this table. As can be observed from those re-
sults, the selected optimization criterion will be basically satisfied for
the following two cases: (1) an increase in the outside window thickness
from 0.25 in (baseline) to 0.5 in and (2) a decrease in window size from the
baseline (13.76 in x 13.13 in) to about 10 in x 10 in. The added weight to
the aircraft would be about 27 1bs for the first case and negligible weight
in the second case. It should be noted that when the window size is reduced,
the areas of the surrounding elastic panels increases. Such an increase in
panel size could contribute to additional noise transmission into the afr-

craft due to the vibration of the elastic panels. Thus, to achieve the re-
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quired noise attenuation for the double wall windows the follewing steps
should be taken: (1) Increasc the outside window thickness to ahout 0.4 in;
(2) Decrease the window size by approximately one inch on all sides; (3)
Increase the distance between the two windows by 30-40% (replacing the flat
inside window sheet with a curved sheet could achieve this condition), The
added weight to the aircraft in this case would be about 25 1bs, The opti-
mized A-weighted one~third octave sound pressure levels are given in Fig. 43,
The main effect of an interior wall treatment is to reduce the noise as
it enters the cabin through the vibrations of the elastic panels. For noise
entering through an untreated panel such as a window, partial attenuation is
achieved through sound absorption at the treated interior walls. At the
first contact, the sound wave will pass into the porous acoustic materi:)
where it is partially absorbed. The present study indicates that either
acoustic foams or acoustic porous blankets provide some noise attenuation
where the noise is transmitted through aircraft windows. This is especially
evident for positions inside the aircraft which are at some distaice from
the noise transmitting source. The foam treatment seems to give better noise
absorption at low frequencies (up tb about 500 Hz) while the acoustic blank-
ets are more absorbent at higher frequencies. The amount of weight added to
the aircraft due to these treatments is relatively small. Furthermore, such

a wall treatment also provides thermal insulation.
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© 6. CONCLUSTONS

An analytical madel has been developed to predict the noise transmitted
through double wall aircraft windows. The analytical prediction method has
been validated experimentally with laboratory tests utilizing the cabin of
a twin engine G/A aircraft and localized noise inputs, Experiments were
also performed to estimate noise distribution characteristics within the
cabin for typical acoustic add-on treatments. The theoretical model has
been used to optimize the cabin noise due to propeller noise inputs.

The amount of noise transmitted through the windows is relatively high
for this aircraft. For the baseline configuration, the peak levels of the
interior noise are about 88 dBA at the second and third propeller blade pas-
sage harmonics. These noise levels have been reduced to about 80 dBA through
design parameter changes in the double window construction. It was fourd that
increasing the exterior plexiglass thickness and/or decreasing the total win-
dow size could achieve the proper amount of noise reduction for this aircraft.

The total added weight ot the aircraft is then about 25 1bs.
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Table 1 Natural Frequencies of Double Wall

Window Unit No. 3 (Figure 4)

Mode Number Frequencies, Hz Frequencies, Hz
T Uncoupled B ¢ Coupled D

m n f f f f

1 1 227 121 165 309
2 1 421 294 326 463
3 1 642 583 598 671
4 1 965 987 973 1008
1 2 289 1 299 384
2 2 477 484 480 536
3 2 147 773 756 800
4 2 1103 1177 1114 1191
1 3 563 628 580 656
2 3 726 801 741 822
3 3 995 1090 1007 1104
4 3 1361 1494 1370 1503
| 4 958 1071 971 1085
2 4 1115 1244 1127 1256
3 4 1378 1533 1388 1542
4 4 1744 1938 1751 1944
fT = top plate

fB = hottom plate

fc = coupled flexure

#0 = coupled dilatational
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Fig. 2 Simplified geometry of aircraft cabin
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BOTTOM PLATE

Fig. 3 Geometry of Double Wall Window System
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APPENDIX
List of Symbols

dimensions of rectangular enclosure
My + mg/3

mg + ms/3

surface area

generalized coordinates of top and bottom plates,
respectively

mg/6

bulk reaction coefficient of absorbing layer
speed of sound

speed of sound in porous material

damping coefficients (per unit area) of bottom
plate and top plate, respectively

flexural rigidity of a plate

flexural rigidities of bottom plate, flexible wall,
and top plate, respectively

moduli of elasticity of bottom plate, soft core,
and top plate, respectively

complex Young's modulus of viscoelastic core material
structural damping factor of soft core
damping factor of viscoelastic core

f?nction chosen to modify acoustic boundary condi-
tions

plate thickness

thicknesses of bottom plate, core, and top plate,
respectively

thickness of porous material

structural and acoustic modal indices
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1=vT = imaginary unft
l(S = constitutive law operator of the core
kg = spring stiffness of the core
L1Jmn = acoustical-structural modal coupling coefficients
Lx.Ly = dimensions of plates
Mg oM oMy = densities of bottom plate, soft core, and top plate, respectively,
per unit area
Mgn’m;n = generalized masses of bottom and top plates, respectively
n = outward normal to walls of enclosure
N;,ﬁ& = average in-plane membrane stress resultants of the plates
NR = noise reduction
NR1/3 = 1/3-octave noise reduction
p = acoustic pressure field inside enclosure
Pg = reference pressure = 2.9 x 10™° psi = 20 uN/m2
Pg = external noise pressure acting on the double wall system
Pf = porosity
Pgn,Pgn = generalized random forces
qij = acoustic modal coefficients
Qijk = acoustic generalized coordinates
R = average radius of curved window
Rf = resistivity of porous material
Sg = cross-spectral density of random noise input
SJ = spectral density of the input for the j-th window
Sp = spectral density of acoustic pressure inside enclosure
Sg = prescribed spectral density of external noise pressure
SPL = sound pressure level measured in decibels relative to the refer-
ence pressure p,
| -83-
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VX.V = convection velocities of propeller noise corresponding to direc-
y tion along propeller rotation and perpendicular to it, respec-
tively
Wg oWy = deflections of bottom plate and top plate, respectively
Wg = relative deformation of core
Xo¥ = coordinate system for plates

XsYs2 = Cartesian coordinate system for enclosure

an = mode shapes of top or bottom plate

Yijk = acoustjc mode shapes

A = impedance of absorbing layer

B = acoustic damping coefficient

) = Dirac delta function

a2 = (3-D) Laplacian operator

vg = (2-D) Laplacian operator to be taken on boundary surface
vh = biharmonic operator

€0 = arbitrarily small but non-zero positive number

243k = acoustic modal damping ratios
‘gn";n = modal damping ratios of bottom and top plates, respectively

ng = viscosity of viscoelastic core material

Onn*mn  ° frequency response functions of the double wall system

vgsVT = Poisson's ratios of bottom and top plates, respectively

Esn = spatial separations
&g = acoustic modal damping coefficient . :
P = air density SRR
fe = air density in cavity ‘
pgepgspy = Material densities of bottom plate, soft core, and top plate, res- ;‘ . ;
pectively S '
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Pg = gas density in porous material

o = material density of the plate

w = circular frequency, Fourier transform variable
944k = acoustic natural frequencies

Wy o8, = Jower and upper bound frequencies, respectively

= uncoupled frequencies of bottom and top plates, respectively

b
[]

natural frequencies of the coupled system of double walls

- = Fourier transform




